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A B S T R A C T   

Background: The drinking water in parts of Ronneby was heavily contaminated with perfluoroalkyl substances 
(PFAS) for decades. Although PFAS has endocrine-disrupting properties and may interfere with breastfeeding, 
the effects in populations with a point source of high exposure are unknown. 
Objectives: To investigate associations between high PFAS exposure and 1) initiation and 2) duration of 
breastfeeding. 
Methods: We retrieved data on infant feeding practices for 2374 children born between 1999 and 2009 from Child 
Health Care centers in Ronneby and a reference municipality. Residential address before delivery was used as a 
proxy for exposure, and confounders were obtained from charts and registers. We used modified Poisson re
gressions to estimate the relative risks (RR) of not initiating breastfeeding, not breastfeeding exclusively after 3 
months, and not breastfeeding at all at 6 months. We also estimated hazard ratios (HR) of cessation of exclusive 
breastfeeding before 6 months and any breastfeeding before 12 months. 
Results: Mothers who had received contaminated water seemed to have a higher risk of not initiating breast
feeding (RR = 2.4; 95% CI: 0.8, 6.7). Primiparous mothers from the exposed area were at a 1.2 times increased 
risk (95% CI: 0.9, 1.6) of not exclusively breastfeeding at 3 months and a 1.6 times increased risk (95% CI: 1.2, 
2.1) of not breastfeeding at 6 months. The results were confirmed by the Cox regressions, which further showed 
that the HR for cessation of any breastfeeding was time dependent and higher in early lactation, thereafter 
decreasing as lactation progressed. We observed no overall associations in multiparous mothers. 
Discussion: Exposure to high levels of PFAS seemed to be associated with increased risks of not initiating 
breastfeeding and shorter breastfeeding duration in primiparous mothers. The findings imply that the ability of 
first-time mothers to establish breastfeeding is a sensitive outcome after high exposure to PFAS.   

1. Introduction 

Perfluoroalkyl substances (PFAS) are endocrine-active environ
mental contaminants with biological half-lives of several years (Li et al., 
2018; Seals et al., 2011; Olsen et al., 2007). They have been used in a 
wide range of consumer products and industrial applications over time, 
including surface coating of textiles and paper, fire-fighting foam, and 
electroplating. A recent overview identified more than 200 use cate
gories (Glüge et al., 2020).The extensive use has caused global 
contamination and hot spots with drinking water contamination 

continue to emerge worldwide (Hoppin et al., 2019; The German Fed
eral Minist, 2020). 

The physiological processes governing pregnancy and breastfeeding 
are highly dependent on hormonal cascades, and there is concern that 
endocrine disruptors may interfere with mammary gland development 
and lactogenesis (Fenton et al., 2012; Konkel, 2017; Criswell et al., 
2020). Animal studies have confirmed that gestational exposure to 
perfluorooctanoic acid (PFOA) causes substantial delay in mammary 
gland development, resulting in morphologically underdeveloped 
glands that are unable to meet the nutritional requirements of the 
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offspring (White et al., 2007). Yet, the body of evidence from epidemi
ologic studies is insufficient to draw any conclusions about whether 
breastfeeding initiation might be affected by PFAS exposure in humans. 

Inadequate milk supply is a leading cause of undesired early cessa
tion of breastfeeding (Morrison et al., 2019; Odom et al., 2013; Brown 
et al., 2014). Epidemiological studies lend support to the observation 
that higher serum concentrations of perfluorooctanesulfonic acid 
(PFOS) and PFOA are associated with shorter breastfeeding duration 
(Timmermann et al., 2017; Fei et al., 2010; Romano et al., 2016). 
However, the existing evidence is conflicting, as no association and in
verse associations have been reported (Rosen et al., 2018). The current 
literature is based solely on populations with background exposure and 
modest interindividual variation with respect to exposure levels. The 
lack of research from settings with a point source of high exposure from 
industrial plants or firefighting training sites prevents assessment of the 
magnitude of the effect that might be expected in such situations as the 
shape of the dose-response curve is unknown. 

In Ronneby, Sweden, very high levels of several PFAS (sum PFAS 
>10,000 ng/L (Xu et al., 2021);) were unexpectedly detected in 2013 in 
the outgoing drinking water from one of two municipal waterworks. The 
contaminated waterworks supplied one-third of the population, with the 
remaining two-thirds receiving their water from the noncontaminated 
waterworks, thus resulting in a natural experiment with a population 
exposed to a very wide range of PFAS levels. 

Sweden has one of the highest breastfeeding rates among industri
alized countries (Galtry, 2003). In 2005, 98% of Swedish mothers 
initiated breastfeeding and 70% of children were still breastfed at 6 
months of age (The National Board of Hea, 2021). Since 2002, the 
parental insurance scheme grants 480 days of paid parental leave per 
child and there is therefore no policy-related incentives for mothers to 
terminate breastfeeding. 

Our aim was to assess the possible associations between exposure to 
PFAS and breastfeeding initiation and duration in the highly exposed 
Ronneby population, using residential history from national registers as 
a proxy for exposure along with routinely collected outcome data from 
Child Health Care (CHC) charts. 

2. Methods 

2.1. Setting 

The municipality of Ronneby in southern Sweden has 28,000 in
habitants. Contamination by PFAS was discovered in late 2013, after 
which water from the noncontaminated waterworks was immediately 
provided to all affected households (Xu et al., 2021). The source of the 
contamination was the leakage of aqueous film forming firefighting 
(AFFF) foams from a military training range near the aquifer. It is not 
clear when the contamination reached the water table, but we know that 
AFFF foams were used at the training range starting in the mid-1980s. 

In 2014-2015, all residents in the municipality were invited to free- 
of-charge blood samplings to have their serum concentrations measured. 
Approximately 13% of the population at the time participated in this 
biomonitoring, which showed serum concentrations of perfluorohexane 
sulfonic acid (PFHxS), PFOS, and PFOA 135, 35, and 5 times higher, 
respectively, in Ronneby relative to a nearby municipality (Karlshamn) 
with uncontaminated drinking water (Xu et al., 2021). Women of 
childbearing age (21–40 years old) had geometric mean PFHxS, PFOS, 
and PFOA concentrations of 60, 80, and 5 ng/mL, respectively, with 
95th percentiles of PFHxS and PFOS at several hundred nanograms per 
milliliter. Corresponding concentrations in Karlshamn women in the 
same age group were 0.9, 3.2, and 1.3 ng/mL. 

2.2. Participants 

We retrieved CHC charts for children born between 1999 and 2009 
from the three CHC centers in Ronneby (n = 2449; Fig. 1). According to 
Statistics Sweden, 2893 infants were born in the municipality during the 
study period: we were thus able to locate charts for ~85% of all children. 
We also included a reference group from Karlshamn (n = 123), who 
received uncontaminated drinking water (i.e., background levels of 
exposure) and were representative of the general population. Twins, 
children with any malformation, and children for whom there was 
incomplete data on feeding practices were excluded. The final study 

Fig. 1. Flowchart describing the inclusion of study participants.  
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population consisted of 2374 infants, of which 26% were from house
holds within the area supplied with contaminated water. 

The study was approved by the Regional Ethical Review Board in 
Lund (no. 2016/366 with amendments). Informed consent was not 
required, but study participants were informed of the study through 
advertisement in local media. 

2.3. Variables and data sources 

2.3.1. Outcomes: breastfeeding initiation and duration 
Swedish CHC services are offered free of charge to all children, and 

the participation rate is close to 100% (The National Board of Hea, 
2014). Nurses document infant feeding practices in the child’s medical 
chart during each routine visit to CHC. Information on breastfeeding and 
formula feeding was available on a monthly basis during the first year 
and less frequently thereafter. 

We assessed the risk of not initiating breastfeeding and, among ini
tiators, the risks of not breastfeeding exclusively after 3 months and not 
breastfeeding at all at 6 months. We considered mothers who started 
breastfeeding when the baby was born as initiators, irrespective of 
breastfeeding duration and whether formula was used as supplementa
tion. Total breastfeeding duration was defined as the latest time point 
when any breastfeeding occurred, regardless of supplementation from 
other nutritional sources. We defined exclusive breastfeeding as ongoing 
breastfeeding without formula supplementation taking place at or 
before the cutoff. 

Data on occupational water supply were not available. We added 
information on potential confounders from the Swedish Medical Birth 
Register (National Board of Health and Welfare) and the Register on 
Participation in Education (Statistics Sweden). 

2.3.2. Exposure assessment: residential address 
We used the residential addresses of mothers during the 5-year 

window before delivery as a proxy for PFAS exposure, because we 
assumed that exposure levels in the time period before childbirth would 
have the greatest impact on breastfeeding ability. We have previously 
estimated biological half-lives of PFHxS and PFOS of 5.3 and 3.4 years in 
the Ronneby population (Li et al., 2018). Thus, a 5-year exposure win
dow captures maternal exposure before one half-life has passed. 

Maternal residential address on December 31st of each year was 
retrieved from the Total Population register (Statistics Sweden) and 
linked to annual municipal lists of water supply. Thus, for each partic
ipant, we gathered information on whether she lived in Ronneby during 
the exposure window, and for those living in Ronneby, whether their 
residential water supply was from the highly contaminated waterworks, 
the other waterworks, or a private well. We classified Ronneby mothers 
as having high exposure if they had lived at least 1 year at an address 
with drinking water from the contaminated waterworks and as having 
low exposure if they had received drinking water from the other 
municipal waterworks or from a private well. We have applied a similar 
exposure assessment in previous work and compared it with measured 
serum concentrations (Xu et al., 2021). Thus, we know that it provides 
strong exposure contrasts between the categories. Any participant 
mother who did not live in the municipality of Ronneby for any time 
during the exposure window was assumed to have been exposed to 
background PFAS levels; these mothers constituted the reference group. 

2.4. Confounders 

We identified potential confounders based on established relation
ships according to the literature and used directed acyclic graphs to 
illustrate the underlying causal assumptions (Supplemental Material). 
Data on maternal age, parity, height, and weight during early pregnancy 
were retrieved from the Swedish Medical Birth Register (National Board 
of Health and Welfare). From Statistics Sweden, data on the mothers’ 
highest educational attainment at the time of delivery were obtained 

from the Register on Participation in Education, and data on country of 
birth were retrieved from the Total Population Register. Data for to
bacco use during pregnancy (smoking or snuff use) were obtained from 
the Swedish Medical Birth Register or from CHC charts when missing in 
the register. 

2.5. Statistical methods 

We assessed the risk of not initiating breastfeeding for the full dataset 
but restricted the analyses of the risks of not breastfeeding exclusively at 
3 months and not breastfeeding at all after 6 months to mothers who had 
initiated breastfeeding. As these latter outcomes were not rare, a logistic 
regression would offer a poor approximation of risk. We therefore used a 
modified Poisson regression with robust error variance (Zou, 2004) to 
estimate adjusted relative risks (RR) among mothers with and without 
residential exposure to highly contaminated drinking water (high and 
low exposure) in relation to the reference category with background 
exposure. 

We also estimated hazard ratios (HR) of cessation of exclusive 
breastfeeding before 6 months and cessation of any breastfeeding before 
12 months, using Cox proportional hazard models, to evaluate the 
robustness of results over analytical approaches. For the latter, the 
proportional hazards assumption did not hold for the exposure variable 
and we therefore used an extension of the Cox model allowing for time- 
dependent variables. Data were censored at the events. 

We adjusted for confounding by maternal age (<25, 25–34, or ≥35), 
country of birth (Sweden; Scandinavia, Europe, Russia, USA, Canada, 
and Oceania; or Africa, the Middle East, Asia, or South, Central, and 
Middle America), education level (compulsory school, upper secondary 
school, or university), body mass index (BMI) during early pregnancy 
(<25, 25–29, or ≥30), tobacco use during pregnancy (yes or no), and 
time period of delivery (<2005 or ≥2005). 

Models were run on the full sample, as well as separately on data 
collected for primiparous and multiparous women. In models including 
multiparous mothers, we further adjusted for parity (1, 2, or ≥3) and 
accounted for the clustered data structure by including a within-mother 
grouping strategy through specification of an exchangeable correlation 
structure (Zou and Donner, 2013). 

As we suspected a priori that PFAS levels in the drinking water were 
higher in the late period (>2005), we explored effect modification by 
time period through introduction of an interaction term in the analyses 
of not breastfeeding exclusively at 3 months and not breastfeeding at all 
at 6 months. 

We restricted the analyses to complete cases because 1) the perfor
mance of multiple imputation in combination with modified Poisson 
regression remains to be validated (Zou and Donner, 2013), and 2) there 
were no observations with missing values pertaining to exposure or 
outcome and only 148 individuals with missing data on BMI. One might 
assume that obese mothers might be more reluctant to have their weight 
recorded. However, observations from participants for whom data on 
weight but not height were available did not suggest overrepresentation 
of heavy mothers, nor did maternal weight at the time of delivery. Thus, 
we considered missing data for BMI unrelated to the actual BMI values 
and the risk of introducing bias through complete-case analyses to be 
negligible. 

We performed all statistical analyses in SAS version 9.4 (SAS Insti
tute, Cary, NC). 

3. Results 

3.1. Descriptive statistics 

We observed differences with respect to the distribution of con
founders between exposure categories (Table 1). Mothers in the high- 
exposure category were younger, had lower educational attainment, 
and had a higher BMI than those in the low-exposure or reference 
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groups. Furthermore, they used tobacco products during pregnancy at a 
higher rate and were slightly overrepresented in higher parity categories 
than mothers from the other categories. 

3.2. Initiation of breastfeeding 

The crude figures suggested a slightly lower proportion of breast
feeding initiation among mothers who had lived in the area with 
contaminated drinking water (Table 2). In the multivariable analyses, 
mothers living in Ronneby were approximately twice as likely as those 
not living in Ronneby to not initiate breastfeeding (Table 3). This was 
true irrespective of whether there was highly contaminated water at 
their residential address (high versus low exposure), although point 
estimates were higher in the high-exposure category. The estimates were 
associated with very wide confidence intervals because of the small 

numbers of noninitiators, but their upper boundaries implied substan
tially higher risks for noninitiation in the high- and low-exposure cate
gories, although these estimates did not exclude negative associations. 

3.3. Breastfeeding duration 

Among initiators, the descriptive data indicated lower proportions of 
mothers who breastfed exclusively at 3 months and breastfed at all at 6 
months in the high-exposure category. By contrast, we observed no 
marked differences between mothers from the low-exposure and refer
ence categories. The median total duration for breastfeeding was 1 
month shorter in the high-exposure category than in the other two 

Table 1 
Descriptive characteristics of the study population consisting of mothers from 
Ronneby with or without highly contaminated drinking water at their residen
tial address and from a reference municipality.   

High-exposure 
(n = 609) 

Low-exposure (n 
= 1470) 

Reference (n =
295) 

n 
(%) 

Missing n (%) Missing n 
(%) 

Missing 

Conception period  0  0  0 
<2005 310 

(51)  
733 
(50)  

169 
(57)  

≥2005 299 
(49)  

737 
(50)  

126 
(43)  

Maternal age (years)  0  0  0 
<25 147 

(24)  
224 
(15)  

60 
(20)  

25–34 392 
(64)  

1028 
(70)  

185 
(63)  

≥35 70 
(11)  

218 
(15)  

50 
(17)  

Parity  0  0  0 
1 259 

(43)  
647 
(44)  

150 
(51)  

2 211 
(35)  

569 
(39)  

93 
(32)  

≥3 139 
(23)  

254 
(17)  

52 
(18)  

BMIa  29  92  27 
<25.0 306 

(53)  
864 
(63)  

168 
(63)  

25.0–29.9 166 
(29)  

374 
(27)  

72 
(27)  

≥30 108 
(19)  

140 
(10)  

28 
(10)  

Education level  0  2  0 
Primary and lower 
secondary 

97 
(16)  

138 
(9)  

43 
(15)  

Upper secondary 378 
(62)  

697 
(47)  

125 
(42)  

Post-secondary 134 
(22)  

633 
(43)  

127 
(43)  

Tobacco use during 
pregnancy  

0  0  0 

Yes 127 
(21)  

157 
(11)  

41 
(14)  

Maternal country of 
birth  

0  0  0 

Sweden 562 
(92)  

1328 
(90)  

246 
(83)  

Scandinavia, 
Europe, Russia, 
USA, Canada, 
Oceania 

29 
(5)  

88 (6)  22 
(7)  

Africa, Middle 
East, Asia, South, 
Central, and 
Middle America 

18 
(3)  

54 (4)  27 
(9)   

a Body mass index at the time of enrollment in maternal health care. 

Table 2 
Descriptive statistics on breastfeeding duration in mothers from Ronneby with 
or without highly contaminated drinking water at their residential address and 
from a reference municipality.   

High-exposure (n 
= 609) 

Low-exposure (n =
1470) 

Reference (n =
295) 

n 
(%) 

Median 
(Q1, 
Q3)a 

n (%) Median 
(Q1, Q3) 

n 
(%) 

Median 
(Q1, Q3) 

Breastfeeding 
initiation 

579 
(95)  

1426 
(97)  

290 
(98)  

Among initiators: 
Exclusive 
breastfeeding, 
3 months 

344 
(59)  

1028 
(72)  

196 
(68)  

Any 
breastfeeding, 
6 months 

311 
(54)  

957 
(67)  

188 
(65)  

Total 
breastfeeding 
duration, 
months  

6 (2, 8)  7 (4, 9)  7 (4, 9)  

a Q1, first quartile; Q3, third quartile. 

Table 3 
Relative risks of not initiating breastfeeding in mothers from Ronneby with or 
without highly contaminated drinking water at their residential address relative 
to mothers from a reference municipality.  

Exposure 
category   

RR (95% CI) RR (95% CI) 

Mothers 
(n) 

Noninitators 
(n) 

Crude Adjusted 

All 
High 609 30 2.52 (1.01, 

6.29) 
2.37 (0.84, 
6.69) 

Low 1470 44 1.68 (0.72, 
3.90) 

1.94 (0.71, 
5.30) 

Reference 295 5 1.00 1.00 
Primiparaea 

High 259 8 2.32 (0.50, 
10.77) 

2.92 (0.34, 
23.01) 

Low 647 14 1.62 (0.37, 
7.06) 

2.73 (0.36, 
20.76) 

Reference 150 2 1.00 1.00 
Multiparae 

High 350 22 2.80 (0.89, 
8.82) 

2.14 (0.68, 
6.79) 

Low 823 30 1.70 (0.55, 
5.20) 

1.64 (0.51, 
5.30) 

Reference 145 3 1.00 1.00 

Note: All estimates are obtained by modified Poisson regression. The adjusted 
models accounted for time period, maternal age, parity, BMI, education level, 
country of birth, and tobacco use during pregnancy. RR, relative risk; CI, con
fidence interval. 

a The multivariable model for primiparae did not converge when birth country 
was included; estimates were thus obtained from a model excluding this 
covariate. 
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categories. 
The multivariable modified Poisson regression suggested higher risks 

of not sustaining exclusive breastfeeding at 3 months and not breast
feeding at all after 6 months in the high-exposure category as compared 
with the reference category, although only reaching statistical signifi
cance for not breastfeeding at all after 6 months in primiparous mothers. 
There were no clear associations among low-exposure Ronneby 
mothers, besides a suggestion of a higher risk of not sustaining any 
breastfeeding at all after 6 months in primiparous mothers (Table 4). 
The Cox regressions provided consistent estimates with respect to 
exclusive breastfeeding (Table 5). The adjusted HR for cessation of any 
breastfeeding before 12 months in the high-exposure category was time 
dependent and higher in early lactation, thereafter decreasing as lacta
tion progressed (Table 6). This seemed to be the case also for primipa
rous mothers in the low-exposure category. 

The overall associations were clearly driven by primiparous mothers. 
However, when we explored the potential for interaction between 
exposure category and time period, we observed an ~20% higher risk 
after 2005 in the high-exposure category of not breastfeeding exclu
sively at 3 months, irrespective of parity (Table 7). Moreover, this 
increased risk was already detectable before 2005 in primiparous 
mothers who had contaminated water at their residential address. We 
observed a similar pattern for not breastfeeding at 6 months (Table 8), 
but here the results suggested a reduced risk among multiparous 
mothers who had given birth before 2005. 

4. Discussion 

4.1. Initiation 

We determined that mothers who lived in the municipality of Ron
neby and had highly contaminated home drinking water for at least 1 
year during the 5-year period before delivery had a 2- to 3-fold higher 
risk of not initiating breastfeeding relative to mothers from the reference 
group with background levels of exposure. Notably, mothers who 
resided within the municipality but received drinking water from the 
noncontaminated waterworks (with PFAS levels well below 90 ng/L, the 
Swedish action level at the time) also experienced a higher risk of not 
initiating breastfeeding relative to the reference category. This result is 
suggestive of a dose-response relationship: Indeed, biomonitoring 
revealed that Ronneby residents who had access to noncontaminated 
water at their homes nevertheless showed 29, 8, and 2 times higher 
serum concentrations of PFHxS, PFOS, and PFOA, respectively, than 
those in the reference group (Xu et al., 2021). It is necessary to explore 
the potential interaction between exposure category and time period to 

determine the exposure thresholds above which an effect on breast
feeding would occur, but this was not possible due to the small number 
of noninitiators. 

One toxicological study has investigated the effects of gestational 
exposure to PFOA in mice with respect to mammary gland development 
(White et al., 2007). The authors observed substantial delays in gland 
development, by as much as 10 days, relative to controls. Furthermore, 
this developmental delay persisted throughout lactation: Indeed, on day 
20, glands from exposed dams showed little sign of involution but 
resembled the glands of the control group at peak lactation (weaning 
normally occurs at 3–4 weeks). These results indicate that the initiation 
of breastfeeding might be the most sensitive breastfeeding outcome with 
respect to PFAS exposure, whereas continuation of lactation, once 

Table 4 
Relative risks of not achieving exclusive breastfeeding by 3 months, and any breastfeeding by 6 months, in mothers from Ronneby with or without highly contaminated 
drinking water at their residential address relative to mothers from a reference municipality.  

Exposure category  Exclusive breastfeeding at 3 months Any breastfeeding at 6 months   

RR (95% CI) RR (95% CI)  RR (95% CI) RR (95% CI) 

Mothers (n) Ceased (n) Crude Adjusted Ceased (n) Crude Adjusted 

All 
High 579 235 1.23 (1.03, 1.50) 1.12 (0.92, 1.37) 268 1.26 (1.06, 1.50) 1.17 (0.97, 1.40) 
Low 1426 398 0.87 (0.73, 1.04) 0.90 (0.75, 1.09) 469 0.91 (0.77, 1.08) 0.98 (0.82, 1.17) 
Reference 290 94 1.00 1.00 102 1.00 1.00 

Primiparae 
High 251 115 1.44 (1.10, 1.89) 1.21 (0.92, 1.61) 127 1.63 (1.24, 2.13) 1.56 (1.16, 2.11) 
Low 633 205 1.02 (0.79, 1.32) 0.98 (0.75, 1.28) 218 1.11 (0.85, 1.44) 1.20 (0.90, 1.61) 
Reference 148 47 1.00 1.00 46 1.00 1.00 

Multiparae 
High 328 120 1.11 (0.84, 1.45) 1.05 (0.80, 1.38) 141 1.06 (0.84, 1.35) 0.92 (0.73, 1.16) 
Low 793 193 0.76 (0.59, 0.98) 0.86 (0.67, 1.11) 251 0.79 (0.63, 0.99) 0.83 (0.66, 1.04) 
Reference 142 47 1.00 1.00 56 1.00 1.00 

Note: All estimates are obtained by modified Poisson regression. The adjusted models accounted for time period, maternal age, parity, BMI, education level, country of 
birth, and tobacco use during pregnancy. RR, relative risk; CI, confidence interval. 

Table 5 
Hazard ratios of cessation of exclusive breastfeeding before 6 months in mothers 
from Ronneby with or without highly contaminated drinking water at their 
residential address relative to mothers from a reference municipality.  

Exposure 
category    

HR (95% CI) 

Mothers 
(n) 

Events 
(n) 

Censored 
(n) 

Crude Adjusted 

All 
High 544 321 223 1.30 

(1.06, 
1.59) 

1.14 (0.92, 
1.40) 

Low 1333 572 761 0.81 
(0.67, 
0.98) 

0.86 (0.71, 
1.05) 

Reference 257 132 125 1.00 1.00 
Primiparae 

High 232 143 89 1.52 
(1.13, 
2.05) 

1.30 (0.96, 
1.76) 

Low 588 271 317 0.98 
(0.74, 
1.29) 

1.00 (0.76, 
1.31) 

Reference 130 63 67 1.00 1.00 
Multiparae 

High 312 178 134 1.13 
(0.86, 
1.49) 

0.98 (0.74, 
1.31) 

Low 745 301 444 0.69 
(0.53, 
0.89) 

0.74 (0.57, 
0.97) 

Reference 127 69 58 1.00 1.00 

Note: All estimates are obtained from Cox regression. The adjusted models 
accounted for time period, maternal age, parity, BMI, education level, country of 
birth, and tobacco use during pregnancy. HR, hazard ratio; CI, confidence 
interval. 
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established (i.e. milk supply), would be of less concern. 
Previous epidemiologic studies have generally not addressed 

breastfeeding initiation, but Rosen et al. (2018) considered initiation in 
a sensitivity analysis. Although their results suggested no association, 
the authors studied a general population with very small PFAS exposure 
contrasts. We encourage the research community to address breast
feeding initiation specifically in future studies to validate our findings. 

4.2. Duration 

In addition to delayed gland development in PFOA-exposed mice, 

White et al. (White et al., 2009) noted reduced body weight in the 
offspring, indicative of insufficient nutrition. However, because of the 
short lactation period in rodents, animal studies have limited scope 
when attempting to determine whether growth impairment results only 
from delayed gland development or from an additional effect such as 
that on milk yield after lactation has been established. In this context, 
epidemiological studies could provide an answer. 

The available literature consists of findings from general populations 
with background levels of exposure. Even so, this body of work points 
towards an increased odds ratio or RR for a shorter breastfeeding period 
among mothers with higher serum concentrations of PFOA and PFOS; 

Table 6 
Time-varying hazard ratios of cessation of any breastfeeding before 12 months in mothers from Ronneby with or without highly contaminated drinking water at their 
residential address relative to mothers from a reference municipality.  

Exposure category     HR (95% CI) 

Mothers (n) Events (n) Censored (n) Time point (months) Crude Adjusted 

All 
High 551 496 55 0 2.00 (1.43, 2.81) 1.58 (1.12, 2.22) 

3 1.57 (1.27, 1.94) 1.32 (1.06, 1.63) 
6 1.23 (1.05, 1.44) 1.09 (0.93, 1.29) 
10 0.89 (0.67, 1.17) 0.86 (0.65, 1.14) 

Low 1338 1155 183 0 0.97 (0.71, 1.34) 1.08 (0.78, 1.49) 
3 0.97 (0.79, 1.19) 1.03 (0.84, 1.26) 
6 0.97 (0.84, 1.12) 0.99 (0.86, 1.14) 
10 0.96 (0.76, 1.22) 0.93 (0.73, 1.19) 

Reference 264 230 34 0 1.00 1.00 
Primiparae 

High 237 218 19 0 3.07 (1.86, 5.08) 2.49 (1.50, 4.14) 
3 2.11 (1.53, 2.90) 1.82 (1.32, 2.51) 
6 1.45 (1.15, 1.83) 1.33 (1.05, 1.69) 
10 0.88 (0.59, 1.30) 0.88 (0.59, 1.30) 

Low 590 516 74 0 1.42 (0.89, 2.29) 1.53 (0.95, 2.48) 
3 1.26 (0.93, 1.71) 1.34 (0.98, 1.81) 
6 1.12 (0.91, 1.37) 1.16 (0.95, 1.43) 
10 0.95 (0.69, 1.32) 0.96 (0.69, 1.34) 

Reference 134 115 19 0 1.00 1.00 
Multiparae 

High 314 278 36 0 1.36 (0.86, 2.14) 1.03 (0.65, 1.64) 
3 1.20 (0.91, 1.60) 0.97 (0.73, 1.30) 
6 1.07 (0.86, 1.33) 0.92 (0.73, 1.15) 
10 0.91 (0.62, 1.35) 0.85 (0.56, 1.27) 

Low 748 639 109 0 0.68 (0.44, 1.05) 0.78 (0.51, 1.20) 
3 0.76 (0.58, 1.00) 0.82 (0.62, 1.07) 
6 0.85 (0.69, 1.04) 0.86 (0.70, 1.05) 
10 0.98 (0.69, 1.39) 0.91 (0.64, 1.30) 

Reference 130 115 15 0 1.00 1.00 

Note: All estimates are obtained from Cox regression. The adjusted models accounted for time period, maternal age, parity, BMI, education level, country of birth, and 
tobacco use during pregnancy. HR, hazard ratio; CI, confidence interval. 

Table 7 
Relative risks of not achieving exclusive breastfeeding by 3 months in mothers from Ronneby with or without highly contaminated drinking water at their residential 
address relative to mothers from a reference municipality, according to the time period of delivery.  

Exposure category Early period (<2005)   Late period (≥2005)     

RR (95% CI) RR (95% CI)   RR (95% CI) RR (95% CI) 

Mothers (n) Ceased (n) Crude Adjusted Mothers (n) Ceased (n) Crude Adjusted 

All 
High 296 103 1.10 (0.85, 1.42) 1.03 (0.78, 1.34) 283 132 1.37 (1.04, 1.81) 1.23 (0.93, 1.62) 
Low 709 178 0.82 (0.65, 1.04) 0.83 (0.65, 1.07) 717 220 0.91 (0.70, 1.19) 0.98 (0.75, 1.28) 
Reference 167 53 1.00 1.00 123 41 1.00 1.00 

Primiparae 
High 130 47 1.36 (0.89, 2.09) 1.25 (0.79, 1.97) 121 68 1.46 (1.03, 2.06) 1.19 (0.84, 1.68) 
Low 310 80 0.97 (0.65, 1.46) 0.96 (0.62, 1.49) 323 125 1.01 (0.72, 1.41) 1.00 (0.71, 1.39) 
Reference 83 22 1.00 1.00 65 25 1.00 1.00 

Multiparae 
High 166 56 0.90 (0.64, 1.27) 0.89 (0.64, 1.25) 162 64 1.45 (0.93, 2.26) 1.29 (0.84, 1.99) 
Low 399 98 0.68 (0.50, 0.93) 0.77 (0.56, 1.05) 394 95 0.92 (0.59, 1.41) 1.01 (0.67, 1.53) 
Reference 84 31 1.00 1.00 58 16 1.00 1.00 

Note: All estimates are obtained from modified Poisson regression. The adjusted models accounted for maternal age, parity, BMI, education level, country of birth, and 
tobacco use during pregnancy. RR, relative risk; CI, confidence interval. 
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the effect of PFHxS is less clear (Timmermann et al., 2017; Fei et al., 
2010; Romano et al., 2016). A recent study further obscured any un
derlying pattern by showing no association or even longer breastfeeding 
duration with increasing PFAS serum concentrations (Rosen et al., 
2018). We saw evidence for a higher risk of not breastfeeding exclu
sively at 3 months, and not breastfeeding at all at 6 months, among 
primiparous mothers who had lived in the area with highly contami
nated water. Further, we also observed that primiparous mothers from 
the low-exposure category were at higher risk of not breastfeeding at 6 
months than those in the reference category. This result suggests that 
extreme exposure levels are not required for an effect to occur. 

There is selection with respect to breastfeeding among multiparous 
mothers, in that those who initiate breastfeeding often had a previous 
positive experience. If PFAS impairs breastfeeding, it is reasonable to 
speculate that multiparous mothers who were unable to establish 
breastfeeding in earlier pregnancies will not attempt to breastfeed at all 
in subsequent children, obviously resulting in smaller effect estimates 
when compared with primiparous mothers. Indeed, we detected no as
sociation between exposure and exclusive breastfeeding at 3 months or 
any breastfeeding at 6 months in the main analysis of multiparous 
mothers. However, we hypothesized that an effect might have become 
evident after 2005, when PFAS levels in the water were thought to have 
been the highest, and this proved to be the case. 

Our results indicate that PFAS exposure affects breastfeeding dura
tion among mothers who successfully establish lactation, suggesting that 
PFAS influence both mammary gland development and milk yield. A 
complementary study should explore the reasons for breastfeeding 
termination to confirm our findings. We are collecting such data within 
the Ronneby mother-child cohort. 

4.3. Strengths and limitations 

Our study is unique in that it represents the first study of breast
feeding in a population highly exposed to PFAS. Notably, because the 
contamination was discovered after the study population had stopped 
breastfeeding, maternal decisions regarding breastfeeding were not 
influenced by any awareness of exposure status. 

A strength of our study is that information on breastfeeding was 
collected prospectively within the routine program of CHC. Previous 
studies have relied on outcome data collected through either question
naires or interviews. However, as mothers may experience pressure to 
breastfeed and healthcare providers and society (Cato et al., 2020; 
Symon et al., 2013), there is concern that self-reported data on breast
feeding are prone to information bias. Indeed, mothers who breastfeed 
for a short period overestimate breastfeeding duration when data are 

collected retrospectively (Gillespie et al., 2006). Furthermore, socio
economic factors are also at play, as mothers with a higher educational 
level or higher income overestimate breastfeeding duration more than 
mothers from lower socioeconomic groups, possibly because of better 
awareness of breastfeeding recommendations and desire to meet socie
tal expectations (Huttly et al., 1990). In our setting, the highly exposed 
category differed from the others with respect to several socioeconomic 
indicator variables, which might have resulted in differential misclas
sification of the outcome as well as biased results away from the null. 
This risk was avoided through the use of prospectively collected 
outcome data. 

We used a proxy measure of exposure (i.e. residential address) rather 
than measured serum concentrations. Proxy variables can lower the risk 
of bias arising from confounding by maternal factors related to physi
ology or behavior and may be less susceptible to reverse causation 
(Weisskopf and Webster, 2017). The latter are issues that have been 
highlighted as a concern among multiparous mothers in previous 
breastfeeding studies (Fei et al., 2010; Rosen et al., 2018), because the 
correlation between previous experiences and subsequent breastfeeding 
duration is high (Huang et al., 2019) and PFAS are excreted into breast 
milk (Haug et al., 2011; Kärrman et al., 2007). Previous breastfeeding 
experiences are unrelated to residential address and our study does 
therefore not suffer from these biases. 

On the other hand, proxy measures are associated with larger mea
surement error and a potential risk of exposure misclassification. How
ever, we validated the exposure assessment based on residential address 
in previous work based on a subset of the population (n = 3310), for 
which we also had measured serum concentrations, and found strong 
contrasts between the exposure categories (Xu et al., 2021). Further, the 
exposure was still ongoing when the mothers gave birth. The uptake of 
PFAS from the extremely contaminated water was certainly much 
greater than the elimination that occurred during previous pregnancies 
and breastfeeding episodes in multiparous mothers. Finally, the con
sumption of bottled water in Sweden is very low in comparison with 
other countries and amounted to merely 0.06 L/day in the early 2000s 
(Westrell et al., 2006). Taken together, we consider the risk of bias from 
exposure misclassification of minor concern in the present study. 

Breastfeeding rates among Ronneby mothers who had not received 
the highly contaminated drinking water at their residential address and 
mothers from the reference municipality matched very well with the 
overall rate measured in the county of Blekinge, of which Ronneby is a 
municipality, at the time (). Thus, we consider the study sample to be 
representative of the underlying population. 

Table 8 
Relative risks of not achieving any breastfeeding by 6 months in mothers from Ronneby with or without highly contaminated drinking water at their residential address 
relative to mothers from a reference municipality, according to time period of delivery.  

Exposure category Early period (<2005)   Late period (≥2005)     

RR (95% CI) RR (95% CI)   RR (95% CI) RR (95% CI) 

Mothers (n) Ceased (n) Crude Adjusted Mothers (n) Ceased (n) Crude Adjusted 

All 
High 296 123 1.06 (0.84, 1.34) 0.97 (0.76, 1.24) 283 145 1.52 (1.17, 1.98) 1.43 (1.08, 1.88) 
Low 709 230 0.86 (0.69, 1.06) 0.89 (0.71, 1.11) 717 239 0.98 (0.76, 1.28) 1.11 (0.84, 1.45) 
Reference 167 62 1.00 1.00 123 40 1.00 1.00 

Primipara 
High 130 55 1.46 (0.99, 2.17) 1.43 (0.92, 2.24) 121 72 1.76 (1.21, 2.55) 1.69 (1.13, 2.51) 
Low 310 93 1.04 (0.71, 1.51) 1.09 (0.71, 1.68) 323 125 1.14 (0.79, 1.65) 1.31 (0.88, 1.95) 
Reference 83 24 1.00 1.00 65 22 1.00 1.00 

Multipara 
High 166 68 0.85 (0.63, 1.14) 0.73 (0.54, 0.98) 162 73 1.48 (0.99, 2.22) 1.25 (0.85, 1.86) 
Low 399 137 0.73 (0.57, 0.95) 0.75 (0.57, 0.97) 394 114 0.94 (0.64, 1.40) 0.98 (0.67, 1.44) 
Reference 84 38 1.00 1.00 58 18 1.00 1.00 

Note: All estimates are obtained from modified Poisson regression. The adjusted models accounted for maternal age, parity, BMI, education level, country of birth, and 
tobacco use during pregnancy. RR, relative risk; CI, confidence interval. 
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4.4. Practical relevance 

Our results indicate that mothers who have high exposure to PFAS, 
particularly primiparous mothers, might benefit from intensified sup
port from the healthcare system when establishing breastfeeding. In this 
context, we stress that there might because for concern regarding 
breastfeeding in highly exposed populations. Breast milk is an important 
exposure route for infants (Papadopoulou et al., 2016; Kingsley et al., 
2018; Mogensen et al., 2015), and breastfeeding must therefore be 
considered in a cost-benefit framework . However, to date there have 
been no studies assessing the extent to which PFAS pass from maternal 
serum into breast milk at high exposure levels and a scientific basis for 
evaluation of the potential need for restrictive recommendations in sit
uations with a point source of exposure is therefore lacking. Without 
evidence to the contrary, mothers from the studied municipality are 
advised to breastfeed as intended, with the assumption that the health 
benefits of breastfeeding outweigh potential harmful effects. There is an 
urgent need to investigate PFAS transfer through breast milk at high 
levels of exposure and to assess the impact of breastfeeding duration on 
serum PFAS concentrations in infants. We are currently undertaking 
such studies. 

5. Conclusions 

Mothers who were exposed to highly contaminated drinking water at 
their residential address seemed to have substantially higher risk of not 
being able to initiate breastfeeding. This result was present also among 
mothers who lived in Ronneby but had received noncontaminated 
drinking water. Primiparous mothers from the highly exposed area who 
initiated breastfeeding were at increased risk of not sustaining exclusive 
breastfeeding at 3 months as well as of not breastfeeding at all at 6 
months. The associations were strongest in early lactation and decreased 
as lactation progressed. We observed no overall associations in multip
arous mothers besides a possible increased risk of shorter breastfeeding 
duration among multiparous mothers who gave birth towards the end of 
the study period. The findings imply that the ability of first-time mothers 
to establish breastfeeding is a sensitive outcome after high exposure to 
PFAS. 
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